Abstract A gain-clamped erbium-doped fiber amplifier (GC-EDFA) can effectively suppress gain variations and optical surges that are often induced in the amplification of optical burst signals. In this paper, we demonstrate a simple and effective GC-EDFA using a Sagnac-loop-type EDFA with a low-reflectivity fiber Bragg grating (FBG). The gainclamped characteristics and the experimental results of the dynamic response for an optical burst signal are presented.
Introduction
Erbium-doped fiber amplifiers (EDFAs) are widely used in optical fiber communication systems because of their excellent characteristics, including high efficiency, low noise, polarization insensitivity, and compatibility with optical fiber lines [1] . However, a conventional EDFA often causes significant gain variation when the input data stream has a long duration with no signal, such as a burst signal [2, 3, 4, 5, 6] . The gain variation often makes it difficult to decide the bit value in the receiver. In addition, shutdown of the input signal is unsuitable for conventional EDFAs because it sometimes causes optical surges when the input signal is recovered, which can damage the following devices in the optical system [7, 8, 9] . Thus, most practical EDFAs possess a safety interlock system which can automatically shut down the pump power dependent on the monitored input signal power, which complicates the whole EDFA system [10, 11] .
An all-optical gain-clamped EDFA (GC-EDFA) is a solution for these problems [12] . In the GC-EDFA, a small signal gain is fixed to a predefined value by adding a partial optical feedback scheme that induces an internal oscillation when the input signal decreases under a threshold [13, 14, 15, 16, 17, 18] . The internal oscillation consumes the carrier density, and thus the signal gain is suppressed so that the gain is fixed regardless of the input signal power.
Most reported all-optical GC-EDFAs adopt an additional feedback fiber loop for the internal oscillation [19, 20, 21, 22, 23] . In this scheme, the output signal is often isolated using optical circulators so that the oscillation light does not appear at the output port [24] . The oscillation light propagates in the opposite direction with respect to the signal light in the gain medium (i.e., EDF) that enables wavelength adaptive amplification, and is not restricted by the oscillation wavelength. In contrast, Inoue proposed a novel wavelength adaptive configuration for a GC-EDFA using a Sagnac loop and a fiber Bragg grating (FBG) with a wavelength division multiplexing (WDM) coupler [25] . The advantages of this configuration are an intrinsic wavelength adaptive amplification owing to the loop property, and its simplicity, as it requires only one optical circulator. Excellent results of gain-clamped amplification at wavelengths close to the oscillation light have been shown, but detailed characteristics, such as noise performance and the wavelength dependence of the clamped gain variation, have not been presented.
In this paper, we present a modified version of the loop-type GC-EDFA in Ref. [25] . In our setup, the pump light is provided through a low-reflectivity FBG (LR-FBG) at the pump port. The configuration does not use a WDM coupler and hence is simpler, improving the cost effectiveness. We also show the detailed characteristics for our setup, including the noise characteristics and clamped-gain variations. The dynamic operation using pseudo optical burst signals is also experimentally demonstrated.
2. Configuration of the Sagnac-loop-based GC-EDFA Fig. 1 shows a schematic diagram of our GC-EDFA based on a Sagnac loop. Pump and signal lights are injected from separate ports of the Sagnac loop interferometer, which includes an erbium-doped fiber (EDF) as a gain medium. The Sagnac loop includes polarization maintaining devices to guarantee full interference of the same polarization for the signal and oscillation light. An optical circulator in the signal port separates the input and output signals and produces an amplified signal at the output port. The 3-dB coupler of the Sagnac loop provides symmetrical bi-directional pumping without WDM couplers. In the loop-type EDFA, since the signal and pump ports are optically isolated due to the Sagnac effect, optical feedback for internal oscillation can readily be made between the Sagnac loop and the pump port provided that a partial reflector, such as an FBG, is inserted in the pump port. Thus, gainclamped operation can be achieved by only adding an appropriately designed FBG to the loop-type EDFA. The reflectivity of the FBG is a key parameter that determines the clamp gain of the GC-EDFA [27, 28] . The simplicity of the setup contributes to lower cost. The FBG does not affect the efficiency of pump power injection since the FBG is inherently low loss for pump wavelength. An optical isolator in the pump line may be required to protect the pump source since the internal oscillation emits toward the pump source.
Experimental setup
We measured the gain-clamp characteristics of the looptype GC-EDFA using the experimental setup shown in Fig. 2 . The signal light from the wavelength switchable DFB-LD is modulated by a Mach-Zehnder type intensity modulator (MZ-IM) driven by an arbitrary function generator (AFG). The input signal power, which can be monitored with a power meter, is controlled by a variable optical attenuator (VOA), then input into the Sagnac loop EDFA. The output signal power is measured with an optical spectrum analyzer and the waveform is observed by a sampling oscilloscope with 20 GHz bandwidth via a photodiode (PD) with 50 GHz bandwidth. For the gainclamped operation, an LR-FBG is inserted in the pump port. For comparison, we also use the same setup in Ref. [25] in which a high-reflectivity FBG with a VOA is connected through a WDM coupler (upper setup in Fig. 2 ). This conventional setup can control the effective reflectivity for internal oscillation by the VOA. Using the conventional setup, we investigated the appropriate reflectivity of LR-FBG for our simple setup that is a key parameter determining the clamp gain. As the result, we obtained an empirical formula as follows:
where G c is clamp gain in dB and R is percent reflectivity of FBG with VOA. In the experiment, we use an LR-FBG of 2.0% reflectivity at 1530 nm with 0.3 nm bandwidth. From Eq. 1, 2.0% reflectivity can create sufficient clamp gain of about 16 dB for our measurement system and it is the lowest reflectivity considering the fabrication tolerances. As a pump source, we used a typical 1480-nm-band FP-LD and the power was set at 50 mW that is sufficient power for 16 dB gain. Although the pump power relates to the output saturation power, the clamp gain does not depend on the pump power because the excessive pump power is consumed by internal oscillation in the gain-clamped region.
Experimental results
First, we measured the gain characteristics using a continuous-wave signal at 1550 nm. Fig. 3 shows examples of the output optical spectra for input signal power P in . We observed the internal oscillation spectrum at 1530 nm due to optical feedback by the LR-FBG in the pump port when the input signal power is under 150 µW.
These figures show that the internal oscillation can be occurred only when the input signal power is low. As a result, the output signal power is suppressed so that the gain is clamped during the internal oscillation. Note that the observed power of the oscillation light is leakage power from the imperfect Sagnac loop since these spectra are measured at the output port. We can estimate the noise figure from the measured output optical spectra using the following noise factor (NF ) approximation [26] :
where G is the signal gain, P ASE is the amplified spontaneous emission (ASE) level at the signal wavelength, h is Planck's constant, ν is the signal frequency, and Á is the frequency resolution of the spectrum analyzer. Figs. 4(a) and (b) show the measured signal gain and noise figure, respectively, as a function of input signal power when the signal wavelength is 1550 nm. The open black circles show the case without the LR-FBG (normal EDFA) and the solid red circles show the case with the LR-FBG in the pump port (GC-EDFA). The signal gain with the LR-FBG is practically constant for the small input power region, and we confirmed that internal oscillation occurs in that region. Although the noise figure increases slightly compared to the unclamped operation, the measured noise figure is less than 6 dB in the clamped-gain region. The values are equivalent to those for the conventional GC-EDFA with bi-directional pumping [19, 23] . These results confirm that our simple setup can be operated well as a GC-EDFA. The blue crosses show the conventional GC-EDFA as in Ref. [25] in which the LR-FBG is connected via a WDM coupler replacing the pair of FBG and VOA in upper setup of Fig. 2 by the LR-FBG. The gain and noise performance of our simple setup without a WDM coupler is almost equal to that with a WDM coupler [27, 28, 29] . Figs. 4(c) and (d) show the gain and noise figure as functions of the output signal power around the gain saturation region. The saturation output power of our setup was about 0.5 dB larger than that with a WDM coupler. We confirmed that the small increase of the saturation output power is due to the difference of insertion losses between LR-FBG and WDM coupler for pump wavelength (0.11 dB and 0.37 dB, respectively, in our setup). Although the insertion loss depends on the individual device, since the transmittance outside the reflection band of the FBG is inherently low-loss [30, 31, 32] , our setup has good efficiency for pump injection comparable to the conventional setup with a WDM coupler. Fig. 5 shows the dependence of the gain and noise figure on the signal wavelength in a GC-EDFA with an LR-FBG. The vertical axis indicates the averaged clamp gain for small input signal power from −45 to −25 dBm, in which the gain is well clamped to a constant value irrespective of signal wavelength. The wavelength dependence of the clamped gain is similar to the ASE spectrum in Fig. 3(c) and (d) . In contrast, the noise figure is better for longer wavelengths, irrespective of the clamped gain. These characteristics are almost equivalent to a conventional GC-EDFA [26, 33] . This means that the wavelength dependence of the presented GC-EDFA is mainly governed by the original gain characteristics of the EDF.
Dynamic response to a burst signal
We also investigated the dynamic response using pseudo burst signals. Fig. 6 shows an example of the input burst signal at 100 Mbit/s, consisting of a 256-bit frame with a repetitive pattern of "0" and "1" with NRZ format and a time interval with no signal. We define the frame interval as Á, as shown in the figure. shows the case of a loop-type GC-EDFA with an LR-FBG. In the case with an LR-FBG (GC-EDFA), the amplitude of the bit frame can be maintained to a constant value irrespective of Á, whereas the amplitude without LR-FBG strongly depends on Á. Since the average input signal power depends on Á, the gain also depends on Á in normal EDFAs, and thus the amplitude of the bit frame varies according to Á. In the GC-EDFA, since the gain is fixed to a constant value irrespective of the input power, the amplitude of the bit frame is also fixed to the value given by the reflectivity of the FBG. Fig. 8 shows the measured amplitude of the bit frame when Á was varied from 4 to 20 µs. The amplitude with an LR-FBG shows almost the same amplitude irrespective of Á, whereas the one without an LR-FBG increases with Á and begin to saturate at about 20 µs. The amplitude variation for the presented GC-EDFA was less than 1.8%. Although there is an upper limit of input signal power for gain-clamped operation (about 60 µW in our setup), these results show that the presented simple setup can successfully operate as a GC-EDFA and could be useful for the amplification of burst signals.
Conclusions
We experimentally demonstrated a loop-type GC-EDFA using a low-reflectivity FBG. The pump light is provided through an LR-FBG that contributes to cost effectiveness with comparable power efficiency to a conventional setup. Our simple setup without a WDM coupler showed a gain performance as good as configurations with a WDM coupler. We have also demonstrated a satisfactory dynamic response using a pseudo optical burst signal. Although the presented simple setup does not allow the clamped gain to be adjusted after installation, the gain adjustable function is not essential in practical applications. Because input dynamic range is managed in a process of system design and the clamp gain can be designed so as to match the system. In many applications, such as pre-amplifier for a receiver circuit, the requisite clamp gain can usually be predefined. The total gain can be modified with a VOA in the output port if it was needed after installation. 
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